Most poxviruses, including variola, the causative agent of smallpox, express a secreted protein of 35 kDa, vCCI, which binds CC-chemokines with high affinity. This viral protein competes with the host cellular CC-chemokine receptors (CCRs), reducing inflammation and interfering with the host immune response. Such proteins or derivatives may have therapeutic uses as anti-inflammatory agents. We have determined the crystal structure to 1.85-Å resolution of vCCI from cowpox virus, the prototype of this poxvirus virulence factor. The molecule is a ␤-sandwich of topology not previously described. A patch of conserved residues on the exposed face of a ␤-sheet that is strongly negatively charged might have a role in binding of CC-chemokines, which are positively charged.
D
uring both early and late stages of infection, viruses express soluble and membrane-bound proteins to attenuate the host immune response and increase viral virulence (1) . Poxviruses, in particular, appear to encode homologs of a number of vertebrate genes active in the vertebrate immune response and as a consequence interfere with many aspects of host immune responses (2) . Many of these virulence factors interfere with host cytokines that normally regulate lymphocyte trafficking and the localization of an immune response.
Chemokines (chemotactic cytokines) are small 8-to 12-kDa proteins with a characteristic dicysteine motif (3) . Depending on the presence and spacing of the two N-terminal cysteines, they are classified into subfamilies CXC, CC, C, and CX 3 C. All of these proteins have a very similar tertiary fold consisting of a short N-terminal flexible segment, a loop region (the N-loop) that follows the CXC or CC motif, three antiparallel ␤-strands, and a C-terminal ␣-helix. In general CXC-chemokines attract neutrophils and CC-chemokines attract macrophages and T cell subpopulations, whereas lymphotactin (the only member of the C-chemokines) attracts T and natural killer (NK) cells (3) (4) (5) (6) . Their cellular receptors belong to the family of seventransmembrane segment G-protein-coupled receptors (7) . Many of these receptors bind several chemokines but are generally specific for members of the same subfamily.
Most poxviruses with appreciable virulence express a secreted Ϸ35-kDa protein, vCCI (viral CC-chemokine inhibitor) (8) (9) (10) , that binds with subnanomolar dissociation constant to all the 15 CC-chemokines tested but not to the CXC-or C-chemokines (8) . vCCI exhibits no sequence homology with known host chemokine receptors or any other known proteins. It competes with cellular receptors for chemokine binding to retard the activation and chemotaxis of monocytes in the early stages of the host inflammatory response to the viral infection.
Chemokines have also been shown to inhibit HIV-1 infection by competing with gp120 for binding to chemokine receptors on target cells (11) . After binding to CD4, the glycoprotein on HIV-1 undergoes a conformational change which increases its affinity for chemokine receptors that act as obligatory coreceptors for HIV-1 infection (reviewed in ref. 12) . The mechanism of HIV-1 inhibition appears to be competitive inhibition by chemokine binding to the cellular receptors. vCCI competitively inhibits chemokine binding to the HIV-1 coreceptors, suggesting that although structurally very different, vCCI and cellular receptors may bind overlapping surfaces on chemokines.
We have determined the crystal structure of vCCI from cowpox virus (CPV) and refined it at 1.85-Å resolution. The structure defines surfaces that are conserved in the vCCI family and are candidates for the chemokine-binding site.
Materials and Methods
Yeast Expression and Purification. The mature cowpox virus vCCI sequence (224 amino acids), N-terminally tagged with the octapeptide FLAG epitope, was subcloned in the Asp-718 and BamHI sites of the yeast expression vector PIXY456 (13) . Yeast transformation and protein production from yeast were performed as described (13) . The yield of expression was Ϸ6 mg͞liter. The protein was purified to homogeneity from culture supernatants by successive anion-and cation-exchange chromatography, followed by size-exclusion chromatography (QSepharose, Mono S, HR 10͞60; Pharmacia).
Labeling with Selenomethionine. Chinese hamster ovary (CHO) cells (DXB-11) were adapted to grow in a DMEM͞F12-based serum-free medium supplemented with peptone, lipids, insulinlike growth factor 1, hypoxanthine, and thymidine (14) . A cDNA fragment encoding vCCI with an N-terminal FLAG (octapeptide) epitope was subcloned into the CHO cell expression vector 2A5ib (15) . Approximately 10 g of p35-2A5ib expression plasmid was used to transfect DXB-11 cells by using Lipofectamine (GIBCO͞BRL). Selection of dihydrofolate reductase (DHFR)-positive transfectants and methods to amplify expression have been described (14) . Pools of transfectants were amplified in 150 nM methotrexate. vCCI was labeled with selenomethionine (Sigma) as described (16) with the following modifications. Cells were grown in medium supplemented with 150 nM methotrexate, and then the medium was replaced with DMEM͞F12 serum-free medium described above lacking peptone and methionine and supplemented with 50 mg⅐ml Ϫ1 selenomethionine. The cells were incubated 12 hr, after which the medium was replaced with fresh selenomethionine-containing medium. After 4 days at 34°C, the cell supernatant was harvested. The yield of expression for the selenomethionine-labeled protein in CHO cells was 2 mg͞liter. The selenomethioninesubstituted vCCI protein was purified identically to the native protein. A Gd 3ϩ derivative was obtained by soaking native or selenomethionine-substituted crystals in a solution containing 30% PEG 8000, 20% glycerol, 25 mM Tris⅐HCl buffer at pH 8.0, and 1 mM Gd(NO 3 ) 3 for 12 hr. For data collection, crystals were mounted in thin rayon loops and then flash-cooled in a stream of nitrogen gas (100 K). Diffraction data were collected at 100 K with a 30-cm image plate scanner (MAR Research, Hamburg, Germany) mounted on an Elliott GX-13 rotating anode source (Elliot, London) with mirror optics. A 1.85-Å resolution data set was collected at the F1 beam line at the Cornell High Energy Synchrotron Source (CHESS) on a Quantum-4 charge-coupled device detector. Oscillation images were processed with DENZO (HKL Research) and data reduction was carried out with SCALEPACK (17) . The CCP4 suite (18) of programs was used for further data processing and analysis.
Structure Determination and Refinement. The crystal structure was determined by multiple isomorphous replacement anomalous scattering (MIRAS) and iterative twofold noncrystallographic symmetry (NCS) averaging from crystals of native and selenomethionine-substituted proteins (Table 1) . Initial heavy atom sites (one per molecule) were located for derivative I (Table 1) positions were refined in ML-PHARE (18) . A 3.4-Å twofold real space averaged electron density map was then calculated with DM (18) , using a monomer mask based on the local correlation of the electron density. Inspection of the map showed clearly protein secondary structure elements and the molecular boundaries. After map skeletonization with BONES (19) a new monomer mask from the edited skeleton was computed and new cycles of twofold NCS averaging and phase extension to 2.8 Å were performed. The resulting averaged electron density map was of excellent quality and allowed the complete protein chain to be traced.
Five percent of the total reflections were used to define the free R factor at the beginning of refinement. The structure was initially refined at 2.8 Å with CNS (20) by several cycles of torsion angle dynamics simulated annealing followed by positional refinement using a maximum likelihood target (ML). Strict NCS and an overall B factor of 20 Å 2 were applied at this stage of the refinement. SigmaA-weighted (2 mFo Ϫ DFc) and (mFo Ϫ DFc) electron density maps were used for model correction and rebuilding. When the R free decreased below 0.30 the refinement was continued using the 1.85-Å data set. Toward the end the NCS was released, individual B factors were refined, and water molecules, located by using WARP (18) , were included in the model. Throughout the refinement, a bulk solvent correction and anisotropic B-factor tensor were also applied. The final model contains two vCCI molecules (residues 1-224) and 470 water molecules. No electron density was observed for the N-terminal FLAG octapeptides, which were disordered. The R work is 21.2% and R free is 24.4% for all reflections above 2 between 20.0-and 1.85-Å resolution. The model has good stereochemistry, with an average bond length and bond angle deviation of 0.007 Å and 1.43°, respectively. Ninety-one % of the residues are in the most favored or allowed regions of the Ramachandran plot. Only Ser-189 in molecule AЈ has , angles ( ϭ Ϫ4.7°, ϭ Ϫ120.8°) in the nonallowed region. This residue is part of a loop that has different conformation in the two NCS-related molecules.
Results
Overall Structure of vCCI. vCCI is a compact globular protein of approximately 55 Å ϫ 35 Å ϫ 30 Å (Fig. 1) . The molecule is 
Rsym ϭ ¥h¥i͉Ii(h) Ϫ ͗I(h͘)͉¥h¥iIi(h), where Ii(h) is the ith measurement and ͗I(h)͘ is the weighted mean of all measurements of I(h). Rderiv ϭ ¥h͉ ͉Fderiv(h)͉ Ϫ ͉F native1(h)͉ ͉͞¥h͉Fnative1(h)͉.
Phasing power ϭ ͉͗FH͉͘͞E, where ͉͗FH͉͘ is the structure factor amplitude for the heavy atom and E is the estimated lack-of-closure error. R cryst and Rfree ϭ ¥h͉ ͉F(h)obs͉ Ϫ ͉F(h)calc͉ ͉͞¥h͉F(h)obs͉ for reflections in the working and test sets, respectively. Numbers in parentheses are for final shell.
composed primarily of two ␤-sheets, parallel to each other, two short ␣-helices, and a few large loops connecting these secondary structure elements. The first ␤-sheet (sheet I) ( Figs. 1 and 2) , composed of seven antiparallel ␤-strands, (␤15, ␤6, ␤7, ␤1, ␤12, ␤13, and ␤14), is surrounded by two long stretches of extended chain, one at the extreme C terminus and another between strands ␤9 and ␤10 (both loops in front in Fig. 1 A) . The second ␤-sheet (sheet II) is formed by five ␤-strands (␤2, ␤4, ␤5, and ␤9 are antiparallel and ␤9 is parallel to ␤11) and has one side completely exposed to the solvent (right side in Fig. 1B ). All the side chains, except two valines and one isoleucine, on this exposed surface are from charged or polar residues. Two additional ␤-strands (␤0, ␤8) and a three-turn ␣-helix (␣1) are present in the upper part of the molecule (Fig. 1) . A single-turn ␣-helix (␣2), in the middle of a loop connecting the last two C-terminal ␤-strands (␤14 and ␤15), packs against ␤-sheet I. The core of the ␤-sandwich is mainly composed of nonpolar residues. Only one charged residue, Glu-87, is buried in the interior. Its carboxylate group makes hydrogen bonds with the backbone amide of Cys-38 and with an internally trapped solvent molecule. Glu-87 is strictly conserved in all the members of the vCCI family ( rich sequence (SFSSSSC, residues 1-7) is part of a random coil at the N terminus of the molecule.
To our knowledge, the ␤-sandwich topology of vCCI has not been observed in protein structures before now. A search through known protein structures (21) indicates that the fold is reminiscent of the collagen-binding domain from a Staphylococcus aureus adhesin; however, the number of strands forming the ␤-sheets and their order are different in the two molecules.
Comparison Between the Two Molecules in the Asymmetric Unit.
vCCI forms dimers in the crystal with the two molecules related by a proper twofold rotational NCS axis (Fig. 4) . Dimerization is mediated by six residues (51-56), part of a large loop between ␤2 and ␤4, which adopts a ␤-strand conformation (␤3) (Fig. 4) . In the dimer, the ␤3 strand of one monomer forms hydrogen bonds with the ␤11 strand of the other monomer, effectively adding one more strand to ␤-sheet II. The two molecules are almost identical except at the loop connecting ␤12 with ␤13 (residues 185-190), which adopts a different conformation in the two molecules. If those residues are excluded, the root-meansquare deviation (rmsd) between the remaining 218 ␣-carbon atoms is 0.144 Å. However, gel filtration experiments of vCCI alone and in complex with the CC-chemokine MCP-1 showed no evidence of vCCI dimerization in solution (C.A.S., unpublished results).
Comparison with Other Proteins from the vCCI Family. The sequences of mature vCCI from five different poxviruses are aligned in Fig.  3 . The proteins have between approximately 40% and 95% sequence identity, and all have the same number and pattern of conserved cysteines. The largest difference is observed between the orthopoxvirus and leporopoxvirus vCCI proteins, which have 38% sequence identity. Two insertions totaling 18-28 residues are present between the ␤2 and ␤4 strands in the leporipoxviruses that are absent from the orthopoxviruses (Fig. 3) . These insertions could be accommodated in the protruding loop of the cowpox vCCI structure where they would flank ␤3 in Fig. 1B . Quantitative chemokine binding experiments using recombinant vCCI proteins from five members of the two virus subfamilies (Orthopoxviridae, Leperipoxviridae) showed no significant difference in chemokine binding (8) . Therefore, residues in those insertions are probably not important for chemokine binding.
Chemokine Binding. It has previously been shown that vCCI binds virtually all CC-chemokines with subnanomolar dissociation Fig. 1 A and B , respectively, and C is the exposed face of ␤-sheet II (the molecule is rotated 180°compared with Fig. 5A ). (D-F) Exposed conserved residues viewed as in A-C. This figure was generated with GRASP (36) .
constants (and IL-8, a CXC-chemokine, with micromolar affinity) and completely inhibits their biological activity (8) . The mechanism of inhibition appears to be simple competitive inhibition of chemokine binding to cellular receptors, suggesting that although structurally very different, vCCI and cellular receptors may bind overlapping surfaces on chemokines.
Several studies have characterized the interaction between chemokines and cellular receptors (reviewed in ref. 22 ). Chemokines bind to negatively charged sequences at the N termini of the cellular chemokine receptors and also to charged residues on some of the external loops (23) (24) (25) (26) . Chemokine residues 1-8, preceding the first cysteine and the N-loop, 10 residues between the CC or CXC motif and the first chemokine ␤-strand, are important for receptor binding and activity (27) .
An NMR study of the binding between the CXC-chemokine IL-8 and a modified peptide (MWDFDD(hexanoic acid) 6 PPADEDYSP) derived from the N terminus of the membrane-bound IL-8 CXCR receptor showed that the receptor peptide binds in an extended conformation in a hydrophobic cleft in IL-8 formed by the N loop (residues 11-21) and a ␤-hairpin (residues 40-49) (28) . The majority of the contacts of the peptide are made by the tandem prolines and one tyrosine (underlined in the sequence above). These residues fill two hydrophobic pockets in the chemokine cleft and anchor the peptide to the chemokine. It has recently been shown that tyrosine residues at the N termini of cellular chemokine receptors are sulfated in vivo (26, 29) . The hydroxyl group of the tyrosine in the bound CXCR peptide points outside the chemokine cleft and if it had been sulfated may have interacted with the positively charged residues (Lys-11 or -15 in figure 5b of ref. 28) in its proximity. [None of the five tyrosines in vCCI appear sulfated in the electron density maps and only one, Tyr-88, has a preceding acidic residue as found in the consensus sulfation motif, but Tyr-88 is not conserved in other vCCI family members (Fig. 3) .] Three negatively charged residues (DED) between the tandem prolines and the tyrosine and three aspartic acid residues at the N terminus of the CXCR peptide (DFDD) are also close to basic residues of IL-8 (28) .
In the cowpox vCCI there are negatively charged surfaces (Fig.  5 A-C) , especially on the exposed surface of ␤-sheet II (Fig. 5C) . Most of the surface acidic residues are, however, not conserved (compare with Fig. 5 D-F) . The prominent cleft at the top of the structure in Fig. 5 B and E, which looks like a ligand-binding groove, contains only three conserved residues and would have large insertions on its right side (Fig. 5E ) in other vCCI family members, so it seems unlikely to be the chemokine binding site. The edge of ␤-sheet II (␤11 in Fig. 4) , where the crystallographic dimer forms by ␤-sheet extension, is the location of the longest sequence of conserved residues (161-186 in Fig. 3 ), but most are not on the surface (Fig. 5F ). It forms a surface located approximately between the conserved acidic positions D168 and E206 on the surface in Fig. 5C and is one candidate for interacting with the N-loop of a chemokine. A patch of conserved residues on the exposed face of ␤-sheet II (Fig. 5F ), containing both conserved acidic residues (Glu-46, Asp-49, Glu-125) and a conserved surface accessible tyrosine (Tyr-62), is a large surface of conserved residues with no apparent structural role which might, therefore, have been conserved as a ligand-binding site. These sites are candidates for mutational analysis to further define the mode of binding and the mechanism of chemokine inhibition. It will be interesting to see whether vCCI and cellular chemokine receptors such as the HIV-1 coreceptors share some of the same features of their interaction with chemokines.
